The response of the plasma cholesterol concentration to changes in dietary lipids varies widely in humans and animals. There are variations in the in vivo absorption of cholesterol between different strains of mice. This study was undertaken in three strains of inbred mice to test the hypotheses that: (i) there are strain differences in the in vitro uptake of fatty acids and cholesterol and (ii) the adaptability of the intestine to respond to variations in dietary lipids is genetically determined. An in vitro intestinal ring technique was used to assess the uptake of medium-and long-chain fatty acids and cholesterol into jejunum and ileum of adult DBA/2, C57BL6, and C57L/J mice. The jejunal uptake of cholesterol was similar in C57L/J, DBA/2, or C57BL6 fed ad libitum a low-fat (5.7% fat, no cholesterol) chow diet. This is in contrast to a previous demonstration that in vivo cholesterol absorption was lower in C57L/J than in the other murine strains. The jejunal uptake of several long-chain fatty acids was greater in DBA/2 fed for 4 wk the high-fat (15.8% fat and 1.25% cholesterol) as compared with the low-fat diet. Furthermore, on the high-fat diet, the uptake of many longchain fatty acids was higher in DBA/2 than in C57BL6 or C57L/J. The differences in cholesterol and fatty acid uptake were not explained by variations in food uptake, body weight gain, or the weight of the intestine. In summary: (i) there are strain differences in the in vitro intestinal uptake of fatty acids but not of cholesterol; (ii) a high-fat diet enhances the uptake of longchain fatty acids in only one of the three strains examined in this study; and (iii) the pattern of strain-and diet-associated alterations in the in vivo absorption of cholesterol differs from the pattern of changes observed in vitro. We speculate that genetic differences in cholesterol and fatty acid uptake are explained by variations in the expression of protein-mediated components of lipid uptake.
The response of the plasma cholesterol concentration to changes in dietary lipids varies widely in humans and in animals (1) (2) (3) (4) (5) (6) (7) (8) . Alterations in the efficiency of cholesterol absorption can account for differences in serum cholesterol concentrations between hypo-and hyper-responding rabbits after feeding a cholesterol-rich diet (9) . Using human intestinal biopsy samples, Safonova and co-workers (10) demonstrated that cholesterol uptake is clustered into low, medium, and high rates. The suggestion that cholesterol absorption might be regulated by specific gene(s) was strengthened by the recent study by Carter and co-workers using inbred strains of mice (11) . They showed that cholesterol absorption measured with an in vivo fecal recovery technique varied between mouse strains under low dietary fat conditions. Furthermore, there were different changes between strains in cholesterol absorption observed in response to feeding a high-fat/cholesterol diet.
This study was undertaken to determine (i) if the initial uptake step in cholesterol absorption varied between three inbred mouse strains and in response to a high-fat diet and (ii) if the variability in cholesterol uptake also included the uptake of fatty acids. The results support the hypothesis that the specific gene(s) controlling cholesterol uptake are different from those which influence the uptake of long-chain fatty acids and that the adaptation of lipid uptake in response to alterations in dietary fats is also regulated by genetic factors. Furthermore, the reported genetically influenced differences in the in vivo absorption of cholesterol cannot be explained by variations in the uptake step demonstrated in vitro.
METHODS

Animals and diets.
The C57BL6 and DBA/2 mice were purchased from Harlan Bioproducts (Indianapolis, IN), and C57L/J mice were obtained from The Jackson Laboratories (Bar Harbor, ME). Male chimeric mice derived from cholesterol esterase gene-targeted embryonic stem cells, with a 129/SvEv genetic background, were mated with female Black Swiss mice (12) . Heterozygotes from different parents were mated with female Black Swiss mice. Black Swiss and 129/SvEv mice were obtained from Taconic Farms (Germantown, NY). Animals with the normal cholesterol esterase genotype were selected for the current study. The mice were housed in a temperature-and humidity-controlled room with a 12-h light/dark cycle for at least 7 d before experiments. Female mice between the ages of 10 and 12 wk were used for all ex-periments. The mice were fed either the basal nonpurified lowfat chow diet (Teklad LM485; Madison, WI) containing 5.7% fat and no cholesterol or a high-fat/high-cholesterol nonpurified diet (Purina Mouse Chow 5015 supplemented with 7.5% cocoa butter and 1.25% cholesterol to yield final concentrations of 15.8% fat and 1.25% cholesterol). Mice were fed ad libitum the high-fat/high-cholesterol diet for at least 4 wk, and up until the morning that the transport studies were performed. All experimental protocols described in the text were reviewed and approved by the Institutional Animal Care and Tissue preparation and determination of uptake rates. The in vitro uptake into everted intestinal rings was examined in mouse jejunum and ileum. Animals were weighed at the time of sacrifice. Animals were anesthetized by the intraperitoneal injection of Euthanyl® (pentobarbital, 35 mg/kg body weight; MTC Pharmaceuticals, Mississauga, Ontario, Canada). A midline incision was made into the peritoneal cavity. The ligament of Treitz, which marks the proximal end of the jejunum, was clamped and cut. The small intestine was pulled out until it reached the ileocecal junction, which marks the distal end of the ileum. The whole length of small intestine was removed rapidly. In these studies, the jejunum was represented by the proximal third and the ileum by the distal third of the removed intestine; the middle third of the intestine was discarded.
The intestine was everted and cut into small rings of approximately 3 mm each, which were immersed immediately in pre-incubation beakers containing oxygenated Krebs-bicarbonate buffer (pH 7.2) at 37°C (13) . The rings were allowed to equilibrate for approximately 5 min prior to commencement of the uptake studies. Nutrient uptake was initiated by the timed transfer of everted tissue rings into a shaking water bath (37°C) containing 5-mL plastic vials with oxygenated Krebs buffer plus [ The long-chain fatty acids and cholesterol were solubilized in 20 mM taurocholic acid. The uptake of glucose was also assessed to establish whether strain differences in lipid uptake also influenced the active carriermediated uptake of a water-soluble nutrient: the concentrations of D-glucose were 4, 8, 16, 32, and 64 mM, and L-glucose 16 mM. After incubation for 5 min, the uptake of nutrient was terminated by pouring the vial contents onto filters on an Amicon vacuum filtration manifold (Millipore Canada Ltd., Nepean, Ontario, Canada) maintained under suction, followed by washing the jejunal or ileal rings with ice-cold saline. The tissue was dried overnight at 55°C to a constant weight. The dry weight of tissues was determined, and the tissues were saponified with 0.75 N NaOH. Scintillation fluid was added, and radioactivity was determined by means of an external standardization technique to correct for variable quenching of the two isotopes.
Expression of the results. The rates of uptake were expressed as nanomoles of substrate taken up per milligram dry weight of tissue per minute (nmol·mg tissue
. The values obtained from the dietary groups are reported as the means ± SEM for results obtained from five to six animals in each group.
Glucose uptake kinetics were determined by fitting the observed data points to the Michaelis-Menten equation and by nonlinear regression analysis using the Sigma Plot (Jandel Scientific, San Rafael, CA) program for best fit curves. As variance increased with the size of the y-axis variable (rate of uptake of glucose), data points were weighted in proportion to the reciprocal of the within-concentration estimates of variance (14) .
Analysis of variance was used to test for a difference between the five dietary groups. Individual differences were determined using a Student Neuman-Keuls multiple range test. A value of P < 0.05 was accepted as statistically significant.
RESULTS
There were no differences between the three strains of mice in the rates of jejunal or ileal uptake of cholesterol when the animals were fed either chow or the high-fat diet (Table 1) . When fed chow, the jejunal uptake of 12:0 was highest and 18:3 was lowest in the C57L/J mice as compared with the other animals, whereas the ileal uptake of 18:0 was highest. When the animals were fed the high-fat diet, the jejunal uptake of 16:0, 18:2, and 18:3 was highest in DBA/2, and the ileal uptakes of 16:0 and 18:1 were also highest in this strain. In C57L/J fed chow or the high-fat diet, the jejunal uptake of 12:0 was greater than in DBA/2 or C57BL6.
The chow and high-fat/cholesterol diets were not isocaloric, but the animals were fed ad libitum and there were no differences in food intake ( Table 2 ). The rate of body weight gain was lower in C57L/J fed either chow or the high-fat diet, as compared with DBA/2 or C57BL6. The variations in fatty acid uptake were not due to any differences in the animals' food intake, the weight of the intestine, or the weight of the mucosa (Table 2) .
A curvilinear relationship was noted between glucose concentration and uptake (data not shown). In the jejunum the rate of uptake of L-glucose was unchanged by diet or by the strain of mouse. In the ileum, uptake of L-glucose was lower in C57L/J mice fed the basal diet. When the high-fat diet was fed, the uptake of L-glucose was higher in C57L/J than in the other two strains. After correcting for the minor differences in passive uptake, there were no differences in the maximal transport rate (V max ) or the apparent Michaelis affinity constant (K m ) for jejunal or ileal glucose uptake between DBA/2, C57BL6, or C57L/J (Table 3) . Table 1 for company sources. 
TABLE 2 Effect of Dietary Lipids on Animal Characteristics
DISCUSSION
The topic of the intestinal absorption of lipids has been reviewed (15, 16) . Once cholesterol or long-chain fatty acids have been solubilized in bile salt micelles in the intestinal lumen, they diffuse across the intestinal unstirred water layer (UWL). The lipids then partition from the micelle, either directly into the lipophilic enterocyte brush border membrane (BBM) or into an aqueous phase, and then diffuse across the BBM. There also may be a carrier-mediated component to the uptake of fatty acids and cholesterol (7, 8, 10, (17) (18) (19) (20) .
There was no difference in the initial step of cholesterol uptake observed between the three murine strains ( Table 1 ). The greater in vitro uptake of 12:0 into the jejunum of C57L/J fed chow or the high-fat diet suggests but does not prove that the UWL resistance is lower in these animals than in the DBA/2 or C57BL6 mice (21) . The measurement of the uptake of fatty acid 12:0 is not the ideal measure of UWL resistance, and the value of the diffusion coefficient for cholesterol under these conditions is unknown. Thus, the BBM permeability of cholesterol in C57L/J is either similar to or higher than in the two other strains of mice. This is in contrast to the lower in vivo absorption of cholesterol in the C57L/J mice when fed either the low-fat chow or the high-fat diet (11) . Thus, the strain differences in the intestinal absorption of cholesterol observed in vivo (11) cannot be explained simply on the basis of variations in the uptake step when studied in vitro. Although these strain differences in the in vivo as compared with in vitro absorption of cholesterol may result from the presence of bile, an intact blood circulation, diet, or desquamated cells, the possibility exists that there may be genetic variations related to the process of digestion of the luminal lipids prior to absorption by the enterocytes, intracellular metabolism, or transport out of the enterocyte.
Genetic differences in the lipid uptake of long-chain fatty acids have not been reported. In this study the mice fed chow did not display major differences in jejunal or ileal uptake of long-chain fatty acids, but, when fed the high-fat diet, the uptake of most fatty acids was greater in DBA/2 than in C57BL6 or C57L/J mice (Table 1) . DBA/2 mice also had a greater uptake of lipids when fed the high-as compared with the low-fat diet. This suggests that uptake of long-chain fatty acids is also genetically influenced and that the pattern is different from changes observed in the in vivo absorption of cholesterol (11) . Of note, the uptake of only some fatty acids was affected by strain differences. This argues for the change in the uptake process not being the result of a general alteration in the lipophilic properties of the BBM, which would have been expected to have altered the uptake of all lipids. Instead, the finding of the change in the uptake of only some fatty acids argues in favor of there being BBM or cytosolic proteins mediating the uptake of only some lipids, or having a greater affinity for the transport of some lipids. Furthermore, the variability in lipid uptake between the three strains when fed chow was different when they were fed the high-fat diet. This suggests that there may be involvement of a protein-mediated component in lipid absorption, as has been proposed by others (7, 19, (21) (22) (23) .
Feeding a sunflower oil-enriched diet upregulated fatty acid transporter (FAT) mRNA 2.6-fold over feeding a medium-chain triglyceride-enriched diet (21) . The increases in linoleic acid and linolenic acid uptake in DBA/2 mice after fat and cholesterol feeding reported in the present study may be associated with the upregulation of FAT. The binding of several long-chain fatty acids (stearic acid, oleic acid, arachidonic acid) to FAT was not significantly different from each other (22) , but studies were not done on linoleic acid, linolenic acid, docosahexaenoic acid, or short-chain fatty acids. Furthermore, the differences in lipid uptake between strains fed the low-fat vs. the high-fat diet raise the possibility that there may be several genes modifying cholesterol and long-chain fatty acid uptake.
The uptake of glucose is mediated by a sodium-dependent transporter in the BBM, SGLT1 (24) . The activity of SGLT1 may be influenced by the lipophilic properties of the BBM (25) . For this reason, we speculated that if the strain-associated alterations in cholesterol and long-chain fatty acid absorption were on the basis of changes in the lipophilic properties of the BBM, then glucose uptake also might have been influenced. However, there was no effect of strain differences on the values of the V max or K m for glucose uptake (Table 3) . Therefore, this also suggests that the mechanism(s) responsible for the strain-associated change in the uptake of cholesterol and long-chain fatty acids is not a process caused by generalized alterations in the lipophilic properties of the BBM.
The lower rate of body weight gain in C57L/J as compared with DBA/2 or C57BL6 fed either chow or the high-fat diet occurred despite similar amounts of food being ingested ( Table 2 ).The lower rate of uptake of some long-chain fatty acids in C57L/J fed the high-fat diet may have contributed in part to their lower body weight gain as compared with DBA/2, in which fatty acid uptake and weight gain were both higher. However, this would not explain the greater weight gain in C57BL6 than C57L/J, since there were similar rates of fatty acid uptake (Table 1) . Presumably, the lower rate of weight gain in C57L/J was due to lower total lipid absorption, and not just to lower rates of lipid uptake. This speculation of the difference between murine strains and the in vitro fatty acid uptake vs. in vivo absorption is supported by the variations between the in vivo absorption and the in vitro uptake of cholesterol, in which absorption was lowest in C57L/J (11) but in vitro uptake was similar in the three strains (Table 1) .
In this study we did not determine which protein-mediated component might be responsible for the strain-associated variations in fatty acid uptake observed when the mice were fed the low-or the high-fat diets. The failure of some strains to modify their lipid uptake when switched from a high-to a low-fat diet leads us to speculate that dietary lipid modification is likely to be a successful therapeutic strategy to modify the exogenous contribution of lipids to hyperlipidemia only in those strains which are genetically capable of modifying their lipid absorption in response to dietary lipid changes. We speculate that these genetically determined differences in cholesterol and fatty acid uptake and absorption also may exist in humans and may be responsible for known variations in cholesterol absorption between individuals (i.e., hypo-and hyper-responsiveness), as well as their variable responses to a high-cholesterol/lipid diet (1-6,9,10,18) . If a marker could be discovered in humans for high rates of lipid uptake and absorption, this would potentially lead the way to screening young persons before the development of hyperlipidemia. Such a marker also would be useful to determine which persons with hyperlipidemia would be most likely to respond to dietary treatment with a low-fat/cholesterol diet. Finally, finding the gene products responsible for the variations in cholesterol and fatty acid uptake and absorption would open the way to the development of targeted therapeutic agents which could reduce the absorption of lipids for the treatment of hyperlipidemia or obesity.
